We theoretically study rotational Raman coherence excited impulsively in a hydrogen-gas-filled hollow fiber by an fs pump pulse with an arbitrary ellipticity. The results of our simulations based on a rotationally invariant formalism show that the use of an elliptically polarized pulse leads to more efficient phonon excitation than that of a linearly or circularly polarized one. The phonon amplitude dramatically depends both on ellipticity and propagation distance. The passage of a probe pulse in this excited media leads to the generation of high-order Raman sidebands in the pulse. DOI: 10.1103/PhysRevA.66.031802 PACS number͑s͒: 42.65.Re, 42.65.Dr In the past several years, a considerable amount of effort has been made to improve the technique of ultrashort-pulse generation. By use of a traditional method based on supercontinuum generation via self-phase modulation in a Kerr nonlinear medium and subsequent pulse compression, it is now possible to realize an optical pulse as short as 5 fs ͓1͔. An alternative mechanism which has recently attracted growing interest is stimulated Raman scattering ͑SRS͒ ͓2-7͔. Sokolov et al. ͓8͔ have generated near single-cycle pulses with pulse lengths of ϳ2 fs based on collinear generation of a wide spectrum of equidistant, mutually coherent Raman sidebands by achieving a near maximum Raman coherence with two nanosecond lasers. On the other hand, the recent experiment by Wittmann et al. ͓9͔ has demonstrated the frequency modulation of laser pulses via impulsive SRS using the rotation of hydrogen molecules and Fourier-synthesized short pulse trains from the compression of Raman sidebands. These latter authors have also studied the scheme using the vibrational SRS from SF 6 and reported the generation of 5.8-fs pulse trains. In this type of technique, an ultrashort pump pulse excites a Raman medium impulsively, and a weaker probe pulse, injected with a time delay, is scattered by the coherently oscillating molecular vibrations or rotations. This leads to the generation of Raman sidebands.
In the past several years, a considerable amount of effort has been made to improve the technique of ultrashort-pulse generation. By use of a traditional method based on supercontinuum generation via self-phase modulation in a Kerr nonlinear medium and subsequent pulse compression, it is now possible to realize an optical pulse as short as 5 fs ͓1͔. An alternative mechanism which has recently attracted growing interest is stimulated Raman scattering ͑SRS͒ ͓2-7͔. Sokolov et al. ͓8͔ have generated near single-cycle pulses with pulse lengths of ϳ2 fs based on collinear generation of a wide spectrum of equidistant, mutually coherent Raman sidebands by achieving a near maximum Raman coherence with two nanosecond lasers. On the other hand, the recent experiment by Wittmann et al. ͓9͔ has demonstrated the frequency modulation of laser pulses via impulsive SRS using the rotation of hydrogen molecules and Fourier-synthesized short pulse trains from the compression of Raman sidebands. These latter authors have also studied the scheme using the vibrational SRS from SF 6 and reported the generation of 5.8-fs pulse trains. In this type of technique, an ultrashort pump pulse excites a Raman medium impulsively, and a weaker probe pulse, injected with a time delay, is scattered by the coherently oscillating molecular vibrations or rotations. This leads to the generation of Raman sidebands.
In view of its application to the pulse compression as well as for its fundamental interest, several theoretical investigations on the above-mentioned impulsive SRS have been done both for vibrational and rotational cases ͓7,10-12͔. These studies were, however, concentrated on linearly polarized pump pulses. Although in the case of impulsive rotational SRS the phonon amplitude excited by the pump pulse is expected to depend on the ellipticity of the pump pulse, there exists no work on the polarization effect, to our knowledge.
In this Rapid Communication, we theoretically study the dynamics of rotational Raman coherence excited impulsively by a femtosecond laser pulse with an arbitrary elliptical polarization and subsequent scattering of a linearly polarized probe pulse in the excited medium. To be specific, we consider a hollow fiber with an inner diameter of 126 m filled with 0.5 atm of H 2 as a Raman medium. We simulate the dynamics of pulse propagation by solving an extended nonlinear Schrödinger equation coupled with an equation for phonon creation. Our results reveal that an elliptically polarized pump pulse excites Raman coherence more efficiently than a linearly or circularly polarized pulses. Moreover, the phonon amplitude by an elliptically polarized pump largely variates with a propagation distance inside the medium as well as the ellipticity. By the passage of a probe pulse through the Raman medium excited by an elliptically polarized light, high-order Raman sidebands can be generated, comparably to the case of a linearly polarized pump pulse.
Our analysis is based on the rotationally invariant formalism developed by Holmes and Flusberg ͓13͔. It follows from Eqs. ͑9͒-͑12͒ of Ref.
͑2͒
where E ␥ denotes the electric field of polarization ␥(ϭ Ϯ1), Q m the amplitude of the phonon of m(ϭϮ2,0) units of angular momentum along the axis z of propagation, ⍀ R the Raman frequency, and C R ϭN/ͱ2(‫ץ/␣ץ‬Q), with N and ‫‪Q‬ץ/␣ץ‬ being the molecular density and the differential po- 
for the electric field. For the phonon amplitude Q m , on the other hand, we do not use the SVEA, since the laser pulse is in general shorter than the period T R (ϭ57 fs) of molecular rotation. Then Eqs. ͑1͒ and ͑2͒ are rewritten in a frame of reference moving with the group velocity of the pulse as
͑5͒
In the extended nonlinear Schrödinger equation ͑4͒ we have included the linear dispersion ͑the second term on the lefthand side͒, the fiber loss ͑the third term on the left-hand side͒, and the instantaneous Kerr effect ͓14͔ ͑the first term on the right-hand side͒. 0 denotes the carrier frequency of the pulse, and k 0 is the corresponding vacuum wave number. ␤ ᐉ is defined as
where ␤() gives the dispersion relation of the wave number in the Raman medium including the waveguide contribution. It should be noted from Eq. ͑5͒ that
and, especially, Q 0 is real. This relation has been used in the derivation of Eq. ͑4͒. Equations ͑4͒ and ͑5͒ are valid both for the pump and the probe pulse if we use appropriate values of parameters. In the present study we solve the coupled equations Eqs. ͑4͒ and ͑5͒ by a split-step Fourier method with the fourth-order Runge-Kutta method for nonlinear steps. A ␥ is normalized in such a way that ͉A ␥ ͉ 2 gives an intensity in W/cm 2 for convenience. The values of ␤ ᐉ 's are calculated with the linear susceptibility described in Ref. ͓3͔ and the waveguide contribution described in Ref. ͓15͔ . We set ᐉ max to 5. The used parameters ͓10,11,16 -18͔ are ⍀ R ϭ0.1106 fs Ϫ1 , ϭ1.5 m Ϫ1 , and n 2 ϭ5.51ϫ10 Ϫ20 cm 2 /W both for the pump and probe pulse, C R ϭ1.2ϫ10
4 for the pump with a wavelength of 785 nm, and C R ϭ1.3ϫ10 4 for the probe with a wavelength of 392.5 nm, respectively.
There is another model to describe molecular rotation, i.e., the rigid rotor formalism ͓19͔. In the present study, however, excited phonon density is much lower than molecular density as we will see below. In such cases the use of the rotationally invariant formalism is appropriate. The rigid rotor formalism would be necessary for the case of much more intense or longer pulses, which may cause molecular alignment and rotational wavepacket ͓19͔.
We first study how rotational Raman coherence excited impulsively by a pump pulse depends on the ellipticity e p of the pump light and the propagation distance z. The pulse has a sech 2 temporal profile with a peak intensity of 10 13 W/cm 2 . For comparison we consider two different values of pulse duration T 0 ͑full width at half maximum͒, i.e., 40 fs and 80 fs. In the latter case, the phonon excitation is, strictly speaking, not impulsive, since the pulse duration is slightly longer than the molecular rotation period T R . After the pump pulse has passed and before the arrival of the probe pulse, the phonon amplitude Q n is of the following form:
where q n depends on z in general. We plot q n as a function of z for different values of pump pulse ellipticity,
in Figs. 1 (T 0 ϭ80 fs) and 2 (T 0 ϭ40 fs). In Fig. 1 we can see that the phonon is practically not excited when the pulse is linearly (e p ϭ0) or circularly (e p ϭ1) polarized. On the other hand, when the pulse polarization is elliptical, the phonon with mϭϪ2 are efficiently excited, and that with m ϭ2 is also, though less, excited, while that with mϭ0 is still hardly excited. These behaviors can be understood qualitatively as follows. For the linear polarization or for the phonon with mϭ0, the gain is parametrically suppressed due to the Stokes-anti-Stokes ͑SA͒ coupling ͓20͔, as is well known RAPID COMMUNICATIONS in vibrational SRS. On the other hand, for the phonons with ͉m͉ϭ2 in the case of an elliptically polarized pulse, the SA coupling is only partial, so that these phonons can be excited. For a circularly polarized pulse, no phonon with ͉m͉ϭ2 is excited due to the lack of the field of the opposite polarization. In Fig. 2 , unlike in Fig. 1 , phonons can be impulsively excited even with a linearly or circularly polarized pulse, and the phonon with mϭ0 can also be generated, since the pulse is shorter than the period T R of the molecular rotation. It should be noted in Fig. 2 , however, that the phonon excitation for mϭϮ2 is more efficient for an elliptical polarization than for a linear or circular polarization, and is most efficient around e p ϭ0.5. q 0 is nearly independent of e p and does not vary much with z except for a gradual decrease. It follows from Eq. ͑5͒ that
Neglecting linear dispersion and self-steepening ͑the term containing i/ 0 ‫,)‪t‬ץ/ץ‬ we can obtain the variation of ͚ ␥ ͉A ␥ ͉ 2 by use of Eq. ͑4͒ as, after some algebra,
or an exponential decrease due to a fiber loss, independent of pulse ellipticity e p . Although linear dispersion and selfsteepening are not completely negligible, the resulting dependence of q 0 on e p is quite small. On the contrary, the excitation of phonons with mϭϮ2 largely depends on e p , and its variation with z is remarkable, as can be seen both from Figs. 1 and 2. The highest value of phonon amplitude in Fig. 1 is approximately 7ϫ10 Ϫ12 in such a system of units that ͉A ␥ ͉ 2 gives an intensity in W/cm 2 . This value corresponds to a phonon density of 2.2ϫ10 16 cm Ϫ3 , which is much lower than the molecular density (1.3ϫ10 19 cm Ϫ3 ). This observation confirms the validity of the rotationally invariant formalism ͓13͔ in the present study.
Let us now turn to the investigation of the Raman sideband formation in a linearly polarized weaker probe pulse by the phonons excited by the pump pulse. At this stage, it is instructive to discuss briefly the probe pulse propagation obtained by rewriting its envelope A ␣ as the sum of different frequency components, A ␣ ϭ ͚ j A j␣ , where A j␣ is the envelope of the component of frequency j ϭ L Ϫ j⍀ R . If we neglect the dispersion and the Kerr response and assume that the probe is sufficiently weak that Q n can be described by Eq. ͑8͒, the propagation of each component j is described by
͑12͒
A 0,ϩ ϭA 0,Ϫ ϭA 0 , and A j␣ ϭ0 if j 0 at zϭ0, ͑13͒
where q m ϭϪiq m . Equation ͑12͒ can be solved analytically for the following two cases if we assume that q m is independent of z: In case q 2 ϭq Ϫ2 ϭq , we can write the solution of Eq. ͑12͒ as,
where J j (z) denotes the Bessel function of the first kind of order j, and ϭarg(q 2 ϩq 0 /ͱ6). This behavior is qualitatively similar to the case of vibrational Raman scattering. On the other hand, in case q Ϫ2 ϭ͉q Ϫ2 ͉e i 0 and q 0 ϭq 2 ϭ0, the solution of Eq. ͑12͒ reads and all the other components remain zero. Thus, if q 2 or q Ϫ2 has been selectively excited by the pump pulse, Raman components only of the first order can be formed in the probe pulse.
Bearing the above discussion in mind, let us investigate the Raman component formation in a probe pulse with a peak intensity of 10 11 W/cm 2 and a duration of 80 fs, by solving of the coupled equations ͑4͒ and ͑5͒. The group velocity matching ͓21͔ between the pump and the probe is achieved for the fiber diameter and the gas pressure considered in the present study. Figure 3 presents the spectrum of the probe pulse at zϭ1m. In case e p ϭ0.5 and T 0 ϭ80 fs, the pump pulse is elliptically polarized and has a duration longer than T R ͑thin dotted curve͒, the spectrum is hardly broadened. Since the phonon with mϭϪ2 has been selectively excited by the pump as can be seen from Fig. 1͑c͒ , the dynamics of the probe pulse is essentially described by Eqs. ͑15͒-͑17͒: most of the pulse energy is exchanged only among the fundamental and the first-order Raman components. On the other hand, in the case of an elliptically polarized pump pulse with T 0 ϭ40 fs ͑thick solid and dotted curves͒, high-order Raman sidebands are formed, and the bandwidth is at least comparable to the case of the linearly polarized pump pulse ͑thin solid curve͒. In this case, in contrast to the previous case, Figs. 2͑b͒ and 2͑c͒ show that a considerable amount of phonons with mϭ0 and 2 are excited in addition to that with mϭϪ2. This allows an efficient formation of high-order Raman components in the probe pulse.
In conclusion, we have investigated the effect of the pump pulse polarization on the impulsive excitation dynamics of rotational phonons in a hollow fiber filled with a hydrogen gas and Raman sideband formation in an accompanying weaker probe pulse. We have considered an arbitrary initial ellipticity of the pump pulse and based our analysis on the rotationally invariant formalism ͓13͔. The excitation of Raman coherence by the pump pulse depends sensitively on its polarization and is more efficient for an elliptically polarized pump pulse than for a linearly or circularly polarized pump. In the case of an elliptically polarized pump pulse shorter than the period of the molecular rotation, phonons with all the three values of m(ϭϮ2,0) are excited and the amplitude of those with mϭϮ2 strongly depends on the pump ellipticity and the propagation distance. When a probe pulse is injected into thus excited media, high-order Raman components are formed in the pulse, and its spectrum is broadened to an extent at least comparable to the case of a commonly used linearly polarized pump pulse.
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